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Abstract 


Natural  ferromagnetic  resonance  in  Fe_0  and 
pimna-Fe203  is  discussed,  noting  especially^the 
broad  region  of  resonance  and  a  permeability 
appreciably  less  than  unity.  Values  of  the  internal 
anisotropic  magnetic  field  intensity  for  Fe„0,  and 
gamma-Fe^O^  are  calculated.  It  is  shown  thiAhe 
absorptifin  mechanism  cannot  be  represented  by  an 
Idealized  damped  oscillator  or  Gaussian  absorption 
mechanism.  An  explanation  o^  the  observed  ferro¬ 
magnetic  resonance  is  offered. 
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I.  Introduction 

Magnetic  resonance  occurs  when  the  frequency  of  an  alternating  magnetic 
field  corresponds  with  the  precesdion  frequency  of  a  magnetic  dipole  about  a 
central  magnetic  field.  The  frequency  at  Vhlch  resonance  occurs  depends 
upon  the  strength  of  the  central  magnetic  field  and,  in  genePhl,  occurs  in 
the  microwave  region  for  ferromagnetic  resonance  or  electron  spin  precession, 
and  in  the  radio  frequency  region  for  paramagnetic  resonance  or  nuclear 
spin  precession.  Natural  magnetic  resonanco  occurs  vjhen  the  central 
magnetie  field  about  which  there  is  precession  is  due  to  the  natural  internal 
field  of  the  material,  as  distinguished  from  induced  magnetic  resonance 
caused  by  a  static  externally  applied  field. 

Permeability  versus  frequency  relations  involving  resonance  are  some¬ 
what  similar  in  appearance  to  dispersion  in  metallic  powders  although  due  to 
a  different  phenomenon.  In  the  latter  the  skin  depth  decreases  with  increase 
in  frequency  so  that  an  applied  alternating  magnetic  field  penetrates  only 
a  certain  distance  belcw  a  surface  boundary.  The  resulting  magnetization 
correspondingly  decreases  and  a  decrease  in  permeability  is  observed  with 
increase  in  frequency. 

Natural  ferromagnetic  resonance  has  been  observed  only  recently,  by 
Blrks  .  This  is  understandable  because,  first  one  must  investigate  a  ferro¬ 
magnetic  material  that  has  a  sufficiently  low  electrical  conductivity  so 
that  the  alternating  magnetic  field  can  penetrate  the  material,  and  secondly, 

^  J.  B.  Birks,  Nature,  160,  535  (1947)  .  . 


due  to  the  internal  magnetic  field  Intensity  the  resonant  frequency  lies  in 
the  microwave  region  which  has  only  recently  become  available  for  investi¬ 
gation*  , 

It  is  interesting  that  Landau  and  Lifschitz^  first  predicted  such  a 
resonance  from  a  classical  analysis  of  ferromagnetic  domains.  However 
demagnetizing  fields,  eddy  current  damping,  and  magneto  strain  were  not 
considered.  It  has,  however,  been  shown  that  eddy  current  losses  do  not 
introduce  damping  terms  in  the  permeability.  The  induced  resonant  frequency 
is  affected  by  demagnetizing  fields  and  specimen  shapes  as  well  as  crystal¬ 
line  anisotropy  energy^. 

A  detailed  quantum  mechanical  analysis  of  ferromagnetic  resonance  so  as 
to  predict  the  absorption  band  shape  theoretically  has  not  been  reported. 

It  has  been  pointed  out  by  Van  Vleck'^  that  in  the  case  of  paramagnetic 
resonance  such  an  analysis  is  prohibitively  difficult.  The  ahelysis  of 
ferromagnetic  resonance  seems  to  be  no  less  difficult.  Some  idea  of  the 
line  width  in  paramagnetic  resonance  is  obtained,  however,  from  the  second 
moment  of  the  frequency  deviation.  Line  widths  found  in  the  latter  case  are 
in  the  neighborhood  of  several  hundred  kilocycles,  whereas  in  ferromagnetic 
resonance  the  absorption  may  extend  over  several  thousand  megacycles. 

An  attempt  to  explain  the  band  width  from  a  simple  analysis  will  be 


2  Landau  and  Lifschitz,  Fhysik,  Zeits.  Sowjetunion  8,  153  (1935) 
^  C.  Kittel,  Phys.  Rev.  73,  155  (194?^) 

^  J.  H.  Van  Vleck,  Phys.  Rev.  74,  1168  (1948) 
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presented.  It  will  be  seen  that  this  analysis,  indicates  band  widths  which 
agree  in  order  of  magnitude  with  those  observed.  The  simplification 
presented  seems  somewhat  ,1ustified  in  view  of  the  success  of  a  similar 

interpretation  of  nuclear  resonance  absorption  and  because  a  more  rigorous 

5 

analysis  for  nuclear  absorptions  yields  results  substantially  in  agreement 

with  those  obtained  from  the  simpler  calculations. 

II. _ Examination  of  the  observed  Permeability 

versus 

Frequency  curves  of  ^63^^  and  gamma -FeoOo 

•  /  /' 

Curves  of  the  magnetic  permeability,  { )  of  Fe^O^  powder  and 

gamma-Fe20^  powder  are  shown  in  Fig.  1  and  Fig,  2.  Permeabilities  are 

extrapolated  to  100^  concentration  with  Lichtenecker * s  relation.  These 

1 

curves  are  drawn  from  composite  data  which  Birks  has  given  and  which  we 
have  obtained  at  1.2  cm.  It  is  interesting  to  note  that  the  permeability, 
h  ,  becomes  appreciably  less  than  tmity  at  certain  frequencies  and  that 
there  is  a  broad  region  of  natural  ferromagnetic  resonance.  This  resonance 
has  been  interpreted  as  being  due  to  the  interaction  of  a  magnetic  fieic  ’.t 
microwave  frequencies  with  the  Larmor  spin  precession  abo-utthe  internal 


anisotropic  magnetic  field.  The  resonance  frequency  is  given  by 


ij  - 

U  ^  —  I'  -"*  y 


is  the  magnetic  moment  of  the  electron  in  Bohr  magnetons,  /■■/  ...  ■ 

the  internal  field  intensity  in  Gauss,  is  Planck's  constant,  and  a-  i.? 

■  ^ 

the  Lande  factor  which  is  2  for  electron  spins.  For  each  value  of  \J t’'.-:::'  ‘ 
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is  a  corresponding  value  of  so  that  the  curves  in  Fig.  i  and  Fig,  2  may 
be  thought  of  in  terms  of  a  spectrm  of  values  of  /-/...about  which  there  is 
spin  precession. 

Examination  of  the  permeability  curves  with  regard  to  the  Kronig- > 


Kramers  susceptibility  relations 


/  2y  y  /  ly  ^ ) 


c>  2^  '  ^  -  ^  ^ 

indicates  that,  by  comparing  various  calculated  curves  to  the  observed 
curves,  one  can  more  nearly  approximate  conditions  with  a  damped  oscillator 
absorption  curve  than  with  a  Gaussian  absorption  curve ,  The  frequency 
dependence  of  is  given  by  _ 


7- "  'i')  =  z;,. 

i  =./  ,  zT  ^ 


<'  2^) 


being  the  static  ferromagnetic  susceptibility. 

Since  both  of  these  shape  functions  may  be  linked  with  idealized 
physical  models,  some  insight  into  the  absorption  mechanism  may  be  gained, 
although  considering  the  experimental  accuracy  of  measuring  y4:^'^there  is 
doubt  as  to  whether  this  is  feasible.  If  the  damped  oscillator  idea  is 
pursued,  it  is  necessary  to  consider  the  local  field  variations  at  Larmor 
frequencies  due  to  neighbors  which  affect  a  given  dipole.  The  Gaussian 
idea  of  a  variation  of  static  local  fields  to  change  the  resonant  values  of 


G.  E.  Fake  and  E.  M.  Purcell,  Phys.  Rev.  74,  11^45  (IQ4P) 
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FREQUENCY  IN  M.C.RS.  FIG.  2 
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the  constant  magnetic  field  seems  to  be  simpler  to  apply  even  though  not  in 
agreement  with  a  damped  oscillator  idea.  Further  discussion  of  this 
Gaussian  distribution  of  spins  to  produce  a  continuously  varying  local 
magnetic  field  will  be  given  in  section  III, 

/ 

There  remains  a  considerable  discrepancy  between  the  expected 
curve  and  the  observed  curve,  the  latter  being  more  reliable  than  the 
observed  curve.  This  is  seen  by  referring  to  Figs.  3,4  and  5.  These 
curves  are  plotted  from  the  following  relations  _ 

/  K  71  7,77’' 


,  7^  /  -f-  Z 

=r.  'i-r^eonant  frequency 
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which  are  in  accord  with  the  Kronig-Kramers  relations.  The  parameters  to  be 
varied  in  order  to  fit  the  observed  curves  are  and  ^ 

is  taken  as  4.  4.  calculated  from  the  shape  function  ^4 and  is 

found  to  be  ^  '  for  a  damped  oscillator  and  ^  ^  ^  c)  sec,  for  a 

Gaussian  shape  function.  The  curves  in  Fig.  3  are  plotted  for  the  damped 
oscillator  with  -  9420  mrps;  Fig.  4  for  a  damped  oscillator  and  444  “ 
32,60c  mrpsi  Fig.  5  for  a  Gaussian  distribution  and  4-4-'9420  mrps.  Fig.  4 
was  plotted  because  it  had  been  previously  suggested  that,  in  order  to  obLa_i: 
a  factor  of  2,  Hn  was  such  that  ==32,600  mrps.  It  is  rather  obvious 
from  the  lack  of  agreement  of  the  curves  of  Fig.  4  and  Fig.  1  that  this  doe- 
not  explain  the  discrepancy.  In  all  cases  increases  at  the  higher 
frequencies  to  larger  values  than  those  observed  so  th-t  obviously  other 
considerations  to  explain  shape  functions  different  from  the  two  idealize-, 
tions  chosen  here  are  necessary.  In  all  cases  there  is  considerable 
discrepancy  between  the  experimental  and  the  calculated  curves.  However, 


2000  4000  6000  8000  10,000 

FREQUENCY  IN  M.C.PS.  FIG.  3 
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reasonable  values  of  rl.  and  ^  seem  to  be 

/  y. 


600  Gauss 


1700  mops 


For  the  second  moment  of  the  shape  function  as  defined  by  Van  Vleck'^ 

/' 


/  ,  \ 

\/  / 

/i/e 


f(7^)  ^  J  ly 


It  is  found  that 


/y^-7 


/  j;  c'>  O  mops 

In  conclusion  then,  it  appears  that  an  idealized  mechanism  such  as  a 
Gaussian  or  damped  oscillator  does  not  represent  the  resonant  mechanism  for 
Fe.^0^  and  gamma-FegO^.  Reasonable  values  of  the  internal  anisotropic 
magnetic  fields  appear  to  be 


•<u- 


/  / 

ry  41 


600  Gauss  for  Fe^O, 

3  4 


'  400  Gauss  for  gamma-Fe202 

In  the  discussion  of  the  permeability  curves  we  have  been  concerned 

primarily  with  rather  than  gamma-Fe^O^  because  a  more  complete  cm-"'.- 

for  Fe  0  is  given;  that  is,  both  peaks  of  the  resonance  curve  are  seen. 

3  4 

Also  Fe^O^  crystallizes  i^^  the  cubic  system  whereas  gaimD.a-Fe20^  crystall ?.  x- 
in  the  hexagonal  system.  The  general  considerations  seem  to  be  parallel 
for  the  two  materials  with  the  curves  for  gamma-Fe^O^  displaced  toward 
lower  frequencies.  This  indicates  a  smaller  value  of  the  internal  magnet" c 
field,  a  fact  which  is  not  inconsistent  with  the  crystalline  structure  of 
the  materials  and  the  larger  separation  of  the  iron  atoms. 

III.  A  Proposed  Ferromagnetic  Resonance  Explanation 


A  possible  explanation  of  the  observed  broad  ferromagnetic  resonance 
absorption  seems  to  lie  in  the  interaction  of  magnetic  dipoles  to  perturb 
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the  Value  of  the  internal  magnetic  field  about  which  there  is  spin  precession. 
Each  iron  atom  is  represented  by  an  atomic  dipole  with  a  magnetic  moment, 

.  These  dipoles  are  situated  at  definite  positions  in  the  cubic  FeoO 
lattice.  Each  dipole  is  in  an  effective  magnetic  field  due  to  a  constant 
internal  field  and  a  fluctuating  magnetic  field  produced  by  its  neighbors. 

That  is, 


/  !  t'/'/-.  --  — 


'>1 


■■  L- 


) 


I 


where  is  a  parameter  that  will  be  of  the  order  of  magnitude  of  1  or  2  and 
is  the  distance  between  neighboring  dipoles.  Here  we  have  made  the 
assumption  that  all  dipoles  are  pointing  either  in  the  same  direction  or  the 
opposite  direction  to  the  internal  field.  It  can  be  seen  that  Q.-  is  related 
to  the  space  distribution  of  dipoles  and  that  a  consideration  of  all  dipoles 
surrounding  a  given  dipole  would  tend  to  give  a  continuous  variation  of 


values  of/'/.  , 

'  ■‘-JT' 


REUTIVE 
NUMBER  OF 
DIPOLES 


somewhat  as  shown  in  Fig.  6. 

i  l\ 

i  \ 

j  •  '  \ 


I 
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Here  a  Gaussian  distribution,  as  previously  discussed,  is  shown.  This  is 
justifiable  if  one  is  able  to  assume  a  randomness  of  distribution  of  dipole 
directions  for  the  neighbors  of  a  given  dipole,  an  assumption,  which  as 
previously  stated,  does  not  seem  to  be  completely  justified  by  the  observa¬ 
tions.  Nevertheless,  one  would  be  led  to  expect  the  width  ( /\  2^’  )  of  the 
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absorption  band  to  be  of  the  order  of  magnitude  of 
the  calculated  values  of  /fi /-/  and  are  t 


/)  .-!  rr  /I4OO  Gauss 
Zi  2^  ^  5000  mops 


On  this  basis. 


% 


These  calculated  values  can  he  seen  from  Fig.  1  to  be  rather  consistent  with 
observations.  In  calculating has  been  taken  as  2  Bohr  magnetons, 
has  been  taken  as  3  A  .  and  has  been  taken  as  1,  The  omission  of  certain 
factors  in  this  simplification  seems  somewhat  justified  because  a  more  rigor¬ 
ous  analysis  in  the  case  of  nuclea'^  absorption  gives  res\''lts  substantiating 
the  simpler  assumptions.  Also,  it  would  appear  that  factors  entering  a  more 
r.,.gorous  analysis  would  perhaps  be  difficult  to  exami.ne  because  of  experi-  - 
mental  accuracy  in  measuring  and 


IV.  Permeability  Measurements 

Permeability  measurements  in  the  microwave  region  were  made  following 
method  which  has  been  previously  described  in  the  Princeton  University 
Plastics  Report  No.  10,  page  828,  and  will  therefore  not  be  repeated  here. 

Suffice  it  to  say  that  permeabilities  were  calculated  from  the  following 
expressions; 


The  quantities  measured  were  ,  the  per  unit  characteristic  impedance  01 
the  powder  filled  wave  guide,  'JC  ,  the  propagation  constant  along  the  air- 

filled  wave  guide,  and  ,  the  propagation  constant  al.ong  the  powder  fill--- 
wave  guide. 

An  analysis  of  sources  of  error  has  been  given  previously  in  the  Plastics 


Laboratory  Report  Mo.  9,  page  738.  By  the  method  employed  here  it  is 
thought  that  jJ'  is  measured  to  an  accuracy  of  10^  and  is  measured  to  an 
accuracy  of  20%. 

V.  Conclusions 

In  an  extension  of  the  investigation  reported  here  several  interesting 
ideas  suggest  themselves  as  possibilities  for  future  consideration.  From  an 
analysis  of  the  absorption  curve  it  seen  that  £' /■/  --  This  offers, 

therefore ,  a  means  of  calculating  /%  ,  the  separation  of  the  iron  atoms  in 
the  iron  oxide  compound.  .  However,  the  accuracy  of  determining  ''2/  from 
x-ray  measurement  is  greater  than  one  could  achieve  here.  (It  should  be 
remarked  in  passing  that  a  similar  analvsis  of  the  absorption  line  for 
nuclear  resonance  enables  a  calculation  of  the  proton-proton  distance^  in 
certain  compounds  where  an  x-ray  analysis  fails  to  locate  the  protons.) 
Perhaps  the  most  interesting  possibility,  since  /'I/  has  been  measured  quite 
accurately  by  x-ray  methods,  is  a  calculation  of  the  magnetic  moment  of  the 
un-ionized  iron  atom. 

In  extending  the  analysis  to  measure  these  quantities  an  improvement  i.. 
the  experimental  accuracy  is  desirable  as  well  as  a  more  rigorous  analyses 
to  indicate  more  precisely  the  parameter  .  This  would  involve  some 
considerations  of  geometric  arrays  of  dipoles.  Magnetic  field  intensities 
at  various  positions  in  a  cubic  array  of  dipoles  have  been  calculated  by 

n 

McKeehan  but  in  that  analysis  all  dipoles  have  been  considered  to  point.? 
in  the  same  direction. 

In  the  case  of  the  resonant  frequency  is  related  to  the  quantity 

as  shown  by  Kittel^.  Here  K  is  the  first  order  cubic  anisotropic 

I 

energy  constant  and  is  the  saturation  magnetization.  This  therefore 
offers  an  evaluation  of  the  anisotropic  energy. 


7 


L,  W.  McKeehan,  Fhys,  Rev.  43,  913,  (1933). 
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Department  of  Navy 
Washington  20,  D,  G,  (2  cys) 

AssH,  Naval  Attache  for  Research 
Naval  Attache 
American  Embassy 
Navy  #100 

c/o  Fleet  Post  Office 
New  York,  N,  Y,  (5  cys) 

Chief,  Bureau  of  Ordnance 
Depar-tment  of  Navy 
Washington  25,  D.  C, 

ATTN;  Code  Rel  (l  cy) 

Chief,  Bureau  of  Ordnance 
Department  of  Navy 
Washington  25,  D,  C, 

ATTN;  Code  Re 2d  (l  cy) 

Chief,  Bureau  of  Ordnance 
Department  of  Navy 
Washington  25,  D.  G, 

ATTNs  Code  Ad3  (3  cys) 

Commanding  Officer 
Naval  Powder  Factory 
Indian  Head,  Md, 

ATTN;  Dr,  W,  J,  Moore  (l  cy) 

Dr.  W,  H,  Avery 
Applied  Physics  Laboratory 
8621  Georgia  Avenue 
Silver  Spring,  Md.  (l  cy) 

Drc  Albert  Lightbody 
Naval  Ordnance  Laboratory 
Plas'bics  Division 

White  Oak,  Silver  Spring,  Md,  (l  cy) 


Hercules  Powder  Company 
Allegheny  Ballistics  Company 
Cumberland,  Mdc 

ATTN;  Dr.  G,  Benner  (l  cy) 

Chief,  Bureau  of  Ships 
Depa:'tment  of  Nayy 
Washington  25,  D,  Co 
ATTN;  Code  344b  (2  cys) 

Chief,  Bureau  of  Ships 
Department  of  Navy 
Washington  25 ^  D,,  0^ 

ATTN;  Cod.3  66025  (1  cy) 

Chief,  Bureau  of  Ships 
Department  of  Navy 
Washington  25,  D,.  C, 

ATTN:  Code  934  (l  cy) 

Chief,  Bureau  of  Ships 
Department  of  Navy 
Washington  25,  D,  C. 

ATTN;  Code  337L  (2  cys) 

Chief,  Bureau  of  Ships 
Department  of  Navy 
Washington  25-  D,  C. 

ATTN;  Code  241  (l  cy) 

Director,  Material  Laboratory 
New  York  Naval  Shipyard 
Brooklyn  1,  N^  Y, 

ATTN;  Code  95S  (1  cy) 

Chief,  Bureau  of  Aeronautics 
Department  of  Navy 
Washington  25,  D.  C, 

ATTN;  Code  AE-44  (2  cys) 

Naval  Air  Experimental  Section 
U,.  S.  Naval  Base 
Philadelphia,  Pa, 

ATTN;  Aeronautical  Materials 
Laboratory  (2  cys) 


